Abstract: B vitamins may lower the risk of dementia, yet epidemiological findings, mostly from countries with folic acid fortification, have remained inconsistent. We evaluated in a large French cohort of older persons the associations between dietary B vitamins and long-term incident dementia. We included 1321 participants from the Three-City Study who completed a 24 h dietary recall, were free of dementia at the time of diet assessment, and were followed for an average of 7.4 years. In Cox proportional hazards models adjusted for multiple potential confounders, including overall diet quality, higher intake of folate was inversely associated with the risk of dementia (p for trend = 0.02), with an approximately 50% lower risk for individuals in the highest compared to the lowest quintile of folate (HR = 0.47; 95% CI 0.28; 0.81). No association was found for vitamins B6 and B12. In conclusion, in a large French cohort with a relatively low baseline folate status (average intake = 278 µg/day), higher folate intakes were associated with a decreased risk of dementia.
Introduction
B vitamins have fundamental roles in the function of the central nervous system [1] , and have been considered as promising candidates for the prevention of dementia and its major etiology, Alzheimer's disease (AD). B vitamins (B6, folate, and B12) regulate homocysteine (Hcy) levels, and hyperhomocysteinemia is a major vascular risk factor and an established risk factor for dementia [2] . Hyperhomocysteinemia may affect brain function through both vascular mediation and neurotoxicity [3] . B vitamins may also have a direct effect on the brain, independently of homocysteine [4] . Indeed, a lower status in B vitamins decreases S-adenosylmethionine, a major intermediate of methylation reactions in the brain which are involved in synaptic transmission and epigenetic regulation [5] . Moreover, tetrahydrofolate, the active form of folate, is involved in DNA repair system [6] and DNA replication, which are both critical for adult hippocampal neurogenesis [7] . Direct mechanistic effects of B vitamins on the brain independent of Hcy may therefore be particularly relevant to folate [8] [9] [10] .
Prospective epidemiological studies have found associations between higher intakes of B vitamins and a lower risk of dementia and AD; three studies have reported associations with dietary folate (but not with vitamins B6 and B12) [11] [12] [13] , although inconsistent findings have also been found, with studies reporting null [14, 15] or even harmful associations between folate intakes at high levels and cognitive function, when combined with low vitamin B12 status [16] . Findings have also been inconsistent in studies using blood status in B vitamins (see [17] for a review). Moreover, prevention trials have been inconclusive to date [18] , with a few exceptions, including the two European FACIT and VITACOG trials, which evidenced the beneficial effect of folic acid on cognitive function and brain atrophy, respectively [19, 20] . Although the reasons for such inconsistencies remain unclear, it is possible that the findings of some studies have been influenced by the folic acid fortification of all flour and cereal-grain products that became mandatory starting in 1998 in the US and Canada, leading to a subsequent dramatic increase in folate status in North American populations [21] . The vast majority of observational studies on B vitamins and cognitive aging have been conducted in the US, and limited research has examined European populations. In the present study, we evaluated in a large cohort of older persons from France-a country not subject to folic acid fortification policy-the association between dietary B vitamins and the risk of dementia and AD over 10 years of follow-up.
Materials and Methods

Study Population
Our analysis was based on the Three-City (3C) study, a French population-based cohort on dementia which started in 1999-2000, including 9294 non-institutionalized community dwellers aged 65 years or older in three French cities: Bordeaux (n = 2104), Dijon (n = 4931), and Montpellier (n = 2259). Face-to-face interviews were performed at the cohort baseline with the collection of sociodemographic, lifestyle, and health-related characteristics, neuropsychological testing, and blood sampling. The protocol of the 3C study has been described in detail previously [22] Figure 1 describes the procedure for the study sample selection. Our final study population included 1321 participants followed for 10 years after the dietary assessment. 
Diagnosis of Dementia
Incident dementia was ascertained through a three-stage procedure. First, participants underwent a battery of neuropsychological tests at home conducted by a trained psychologist. Individuals suspected of dementia based on their neuropsychological performances were secondarily examined by a neurologist to establish a clinical diagnosis. Finally, all potential cases of dementia were reviewed by an independent committee of neurologists to set up consensus on 
Incident dementia was ascertained through a three-stage procedure. First, participants underwent a battery of neuropsychological tests at home conducted by a trained psychologist. Individuals suspected of dementia based on their neuropsychological performances were secondarily examined by a neurologist to establish a clinical diagnosis. Finally, all potential cases of dementia were reviewed by an independent committee of neurologists to set up consensus on dementia diagnosis and etiology, according to the Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition) [23] and the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association Alzheimer's criteria [24] .
Assessment of Diet and Intake of B-Vitamins
The procedure of the 24 h recall data collection was detailed in a previous publication [25] . Briefly, the 24 h dietary recall consisted in reporting all meals and beverages consumed the day prior to the interview (excluding week-end meals). For each food reported, portion sizes were registered using a book of photographs [26] and were used to estimate the quantity (in grams per day) of intake of each food item. Nutrient and total energy intakes were then estimated using several French food composition tables [27] [28] [29] . The contribution of supplemental folic acid (from fortified foods or supplements) to total folate intake is very low and virtually all folic acid is of natural origin in French populations [30] . In our analyses, we focused on intakes of B vitamins involved in one-carbon metabolism, i.e., vitamin B6, folate, and vitamin B12.
Other Variables
Sociodemographic information included age at study baseline, gender, and level of education. ApoEε4 genotype was defined as carrying at least one ε4 allele vs. no ε4 allele. Lifestyle factors included alcohol consumption, tobacco use, and regular exercise. To control for overall diet quality, we also computed a score of adherence to the Mediterranean diet (MeDi); the methodology for computation of the MeDi score has been described in previous publications [31, 32] . Cardiovascular risk factors included body mass index (BMI), hypercholesterolemia (total cholesterol ≥6.2 mmol/L or anti-cholesterol medication), diabetes (fasting glucose ≥7.2 mmol/L or antidiabetic medication), history of cardiovascular diseases (including myocardial infarction and stroke), and hypertension (measured blood pressure higher than 140/90 mm Hg or antihypertensive medication). Depressive symptomatology was assessed using the Center for Epidemiological Studies-Depression (CES-D) [33] Scale; we defined high depressive symptoms as having a CES-D score higher than 17 in men and 23 in women (over a maximum of 60 [34] ) or when the participant was "too depressed to answer". The number of drugs regularly consumed was recorded and used as a general indicator of comorbidities.
Statistical Analyses
We used Cox proportional hazards models with delayed entry using age as time-scale [35] to evaluate the multivariate associations between intake of B vitamins and the risk of all-cause dementia over 10 years; we secondarily examined AD specifically. Vitamin B6, folate, and vitamin B12 were modeled simultaneously and considered in quintiles. We first adjusted for the main risk factors of dementia (gender, education, and ApoE genotype), energy intake, and season of the 24 h recall (Model 1). We further controlled for lifestyle factors, cardiovascular risk factors, and other comorbidities (Model 2).
We examined linear trends across quintiles of B vitamins by using a continuous variable taking the median intake value of each quintile. Moreover, we investigated potential interactions of biological relevance between (i) folate and alcohol intakes [36] ; (ii) folate and vitamin B12 intakes [37, 38] ; (iii) B vitamins and long-chain omega-3 fatty acid intakes [39] ; and (iv) B vitamin intakes and ApoEε4 genotype. Missing data were treated as follows. For most covariates, data were missing for less than 3% of the sample; we thus assigned to missing data the reference category (for categorical variables) or the median value (for continuous variables). Regular exercise was missing for 11.8% of the sample; we thus created a specific missing category for this variable. The proportional hazard assumption was controlled, as well as the log-linearity assumption for continuous covariates.
In sensitivity analyses, we assessed the robustness of our findings by (i) excluding participants with the highest values for vitamin B intakes, i.e., with intakes >95th percentile of at least one of the 3 B vitamins; (ii) adjusting for regular intake of fruits and vegetables instead of the Mediterranean diet score; and (iii) controlling for other potential confounders with very low prevalence, i.e., consumption of B vitamin supplements. We also controlled for potential reverse causation (which occurs when subtle cognitive impairment modifies dietary intakes) by adjusting our multivariate models for global cognitive performances at baseline, represented by the Mini Mental State Examination score [40] .
Statistical analyses were performed using SAS software version 9.3 (SAS Institute Inc., Cary, NC, USA) and R software version 3.2.3 (R Foundation for Statistical Computing, Vienna, Austria).
Results
Characteristics of the Sample
Study participants were 75.8 years old on average (range: 67.7-94.9) at the time of the dietary survey and 62.2% were female (Table 1) . Nearly 41% of participants had reached high school level or above, and 18% were ApoEε4 carriers; baseline characteristics including lifestyle and cardiovascular risk factors have been provided in Table 1 . A total of 197 individuals (15% of the sample) developed dementia over 7.4 years of follow-up on average (range: 0.9-11.2), including 131 classified with possible or probable AD (351 participants died during follow-up and 192 refused or were lost to follow-up). The incidence rate of dementia was 2.0 cases per 100 person-years, and the incidence of AD was 1.3 per 100 person-years. Mean daily intakes were 1.5 mg/day for vitamin B6, 278.3 µg/day for folate, and 5.7 µg/day for vitamin B12 (Table 1) . Compared with individuals who remained free of dementia during follow-up, those who developed the disease had lower B vitamin intakes at baseline, although the difference was statistically significant for folate only in univariate Cox models (p = 0.01 for risk of dementia for each 1SD-increase of folate intake), without any marked difference in daily energy intake across both groups (p = 0.44).
Multivariate Associations between Intake of B Vitamins and Risk of Dementia
In multivariate analyses, a higher intake of folate was significantly associated with a lower risk of dementia (p for trend ≤ 0.02 across increasing quintiles in multivariate models, Table 2 ). Adjustments for potential confounders did not markedly alter HRs, suggesting a minimal confounding effect. After controlling for a large set of potential confounders in Model 2, compared with individuals in the lowest quintile of folate, those in the highest quintile had a 47% lower risk of dementia over 10 years (HR (95% CI) = 0.47 (0.28, 0.81)). In contrast, we did not find any significant association between vitamin B6 or vitamin B12 intakes and the risk of dementia (p for trend = 0.38 and 0.73, respectively, in Model 2). Table 2 . Multivariate associations between quintiles of B vitamin intake and risk of all-cause dementia over 10 years, the 3C Bordeaux cohort (n = 1321). When we examined the risk of AD, we found similar associations of high folate with a lower risk of AD, although the magnitude of associations was slightly weaker than those found with all-cause dementia (p for trend = 0.08 in the first model, HR for higher versus lower quintile of folate = 0.52, 95% CI = 0.28, 0.97; results are not shown in the tables) and relationships were attenuated and no longer statistically significant after further adjustments (p for trend = 0.17 in Model 2).
Number of Dementia Cases
Risk of Dementia (HR [95% CI])
We did not detect any significant interaction between B vitamins and alcohol, and omega-3 intakes or with ApoEε4 carrier status. Likewise, there was no significant interaction between folate and vitamin B12 intakes on dementia risk.
Secondary Analyses
When we conducted sensitivity analysis by further adjusting models for baseline cognition, our results remained unchanged, suggesting that findings may not be due to reverse causation by incipient prodromal dementia. Likewise, a sensitivity analysis excluding the n = 155 participants with higher intake values for at least one of the 3 B vitamins did not modify results, suggesting that findings were not driven by a few particular individuals with extreme intake values. Results were also virtually unchanged when adjusting for regular fruit and vegetable consumption instead of the MeDi score, suggesting minimal confounding by other potentially beneficial nutrients contained in the major food source of dietary folate. Very few people (n = 19) consumed B vitamin/multivitamin supplements in this French population, and the inclusion of B vitamin/multivitamin supplementation in our models did not modify findings.
Discussion
In this large French cohort of older persons followed for more than a decade, we found that higher folate intakes were inversely associated with the risk of dementia, independently of intakes of other B vitamins, overall diet quality, and a large set of other potential confounders. Compared with individuals with folate intakes in the lowest quintile, those in the higher quintile had an approximately 50% lower risk of dementia. A similar trend was found with AD risk, although associations were weaker and no longer significant after adjustment for the full set of potential confounders (possibly due to less power to detect a significant relationship with AD cases, which represented only 66% of all-cause dementia cases). In contrast to folate, there was no significant association between dietary vitamins B6 and B12 and the risk of dementia or AD in this large cohort.
Our results are consistent with at least three previous US longitudinal studies, in which higher folate intake was associated with a lower risk of dementia or AD, while associations of dietary vitamins B6 and B12 to dementia risk were not significant [11] [12] [13] . In contrast, our results are not consistent with two other previous large US cohorts, the Chicago Health and Aging Project (CHAP) and the Cache County Memory Study (CCMS), which did not evidence any association between quintiles of B vitamin intake and risk of AD [14, 15] ; harmful associations between higher folate and cognition have also been found among persons with low vitamin B12 status in several cohorts [16, 37, 38] . The reasons for inconsistencies between studies are unclear. The most evident reason may pertain to differences in baseline intakes between French and US populations, with lower intakes reported in France, a country with limited supplement use and no folic acid fortification (e.g., median total folate intake in the upper quintile was 444 µg/day in our 3C sample, compared to 742 µg/day in the CHAP study [16] ). It is thus possible that folate is protective for the brain in lower intake ranges (as those observed in France) and becomes inefficient-and even detrimental for those with low B12 status-at higher ranges. Otherwise, findings of US cohorts have remained difficult to interpret due to the fortification policy introduced in the late 1990s. Indeed, part of the dietary data in the CHAP study was collected after folic acid fortification; furthermore, although diet was ascertained in 1995 (i.e., pre-folic acid fortification) in the CCMS, follow-up for cognition and dementia was conducted through 2004, with >70% of the follow-up period for cognition covering post-folic acid fortification. It is thus possible that the increase in folate status in the US population which occurred after folic acid fortification have biased these studies towards the null.
Additionally, although most trials failed to evidence any benefit of B vitamin supplementation on cognitive function, our results are nonetheless consistent with three European trials which found a protective effect of B vitamins on brain aging outcomes among persons with raised Hcy or with low folate status [19, 20, [41] [42] [43] . In Italy, a small pilot trial found a benefit of folic acid supplementation on memory and attention among older persons selected with low initial status in folate [43] . In The Netherlands, the large FACIT trial included participants aged ≥50 years old with high levels of Hcy and found a significant benefit of folic acid supplementation over three years on memory and processing speed [19] ; in the UK, the VITACOG study included older persons aged ≥70 years old with mild cognitive impairment (without a priori selection based on Hcy levels) and found an efficacy of B vitamins on brain atrophy [20, 41] , and on cognition limited to those with raised Hcy at baseline [42] . Finally, in the single largest French study to date based on secondary analyses on cognition from the large SU.FOL.OM3 trial on B vitamins and omega-3 fatty acids for secondary prevention of cardiovascular diseases, a protective effect of B vitamins was evidenced on global cognition and memory in the older age group (65-80 years) [44] . Together with our own study, these results suggest a beneficial effect of B vitamins on cognition in older persons (especially among those with raised Hcy or low folate status).
In contrast to folate, dietary vitamins B6 and B12 were not significantly associated with the risk of dementia or AD in the present study. Although several longitudinal studies found inverse associations between blood markers of vitamin B12 and brain health [45] [46] [47] [48] [49] (associations potentially fully mediated by Hcy [47, 48] ), studies generally found, as in our study, null results when examining dietary B6 and B12 and cognitive health [11] [12] [13] [14] [15] [16] . Indeed, studies based on intake data (including our own study) may not capture food-bound vitamin B12 malabsorption, which is common in older persons and adversely affects vitamin B12 status in healthy older people irrespective of dietary intakes [50] . Thus, circulating vitamin B12 may be a better marker of vitamin B12 deficiency than vitamin B12 intakes in older populations.
A limitation of the present study is that a single 24 h recall was used to assess B vitamin intake. A reported single day of intake does not fully capture intra-individual variation in dietary intakes, and might lead to misclassification, especially for foods consumed occasionally (such as offal, a top source for vitamin B12). However, in large samples, a single 24 h provides acceptable estimations of average intakes in subgroups of a population [51] ; accordingly, we observed in our study average intake values similar to other studies in older populations for macronutrients [25] and for micronutrients including B vitamins (e.g., average intake values for B vitamins in our sample were close to those observed among older persons from the French Individual and National Study on Food Consumption (INCA 2) [52]-a national representative survey). In addition, the use of dietary supplements may not have been accurately recorded by our questionnaire [53] . Moreover, as in any observational study, there might be residual confounding. In particular, B vitamin intake may reflect an overall healthy diet, and we did not adjust for other healthy nutrients which may exert protective effects to the brain. However, we were able to control for a well-established index of overall diet quality, the MeDi score, and further adjustment for the MeDi revealed minimal confounding by global diet quality.
Our study also has important strengths. Obvious strengths include a longitudinal design with a decade of follow-up, and a multi-step procedure of diagnosis of dementia including a validation of cases by an independent committee of neurologists. The long lag period between the ascertainment of B vitamin intakes and the diagnosis of dementia minimizes the possibility of reverse causation. Finally, we considered a large range of potential confounders, including cardiovascular and lifestyle factors, such as the overall diet quality, and adjusting for these factors did not markedly decrease our risk estimate, suggesting minimal confounding effect.
Conclusions
In conclusion, we found in a large cohort of older persons from France-a country with no folic acid fortification and relatively low average intake levels-a strong association between a higher intake of folate and a lower long-term risk of dementia, while there was no evidence of association of vitamin B6 and B12 intake to dementia risk; however, vitamin B12 malabsorption has not been explored through circulating level data in this cohort of older persons and deserves further research.
The protective role of folate in populations with relatively low basal folate status such as France may be worth exploring in future dementia prevention trials.
